The newly described monotypic genus Bardotia, with the new species B. ankaranensis from limestone tsingy in Northern Madagascar, and its differences from Radamaea and Sieversandreas are discussed. The phylogenetic positions of the genera Radamaea, Rhamphicarpa and Sieversandreas are investigated. Bardotia, Radamaea, Rhamphicarpa, and Sieversandreas form a clade. The monotypic Parastriga alectroides nests within Harveya. The new combination Harveya alectroides is made.
Introduction
The family Orobanchaceae is widely accepted as distinct and monophyletic comprising parasitic members of former Scrophulariaceae s.l. and Orobanchaceae (Olmstead & Reeves 1995; dePamphilis & Young 1995; Olmstead et al. 2001; Oxelman et al. 2005; Young et al. 1999) . A first overview based on nuclear phytochrome A (PHYA) (Bennett & Mathews 2006) revealed six clades, with the non-parasitic Lindenbergia as clade I at the base of the family in the parsimony analysis. Clade II covers the holarctic genera Bungea, Cymbaria, Monochasma, Schwalbea and Siphonostegia called tribe Cymbarieae D.Don by Fischer (2004) . Clade III comprises the Orobanchaceae in the traditional sense (tribe Orobancheae Lam. & DC. but excluding Harveya and Hyobanche and including Conopholis, Fischer 2004) , clade IV includes the tribes Gerardieae and Castillejeae as well as the large genus Pedicularis, and clade V covers the tribe Rhinantheae (excluding Pedicularis). Clade VI is composed of mainly tropical taxa with the species-rich genera Buchnera, Striga, Sopubia and Alectra. The Malagasy endemic genus Radamaea (R. montana Benth.) was placed in this clade and is supported as sister to Nesogenes (Bennett & Mathews 2006) . Nesogenes was formerly considered to represent a family of its own, Nesogenaceae (Marais 1980) . The phylogeny of Alectra and Melasma was studied by Morawetz & Wolfe (2009) and they showed that Alectra is monophyletic excluding Alectra alba (Hepper) Burtt (basionym: Harveya alba Hepper). The Malagasy endemic Alectra fruticosa Eb.Fisch. holds an isolated position and differs from typical Alectra in several respects. dealt in more detail with clade VI sensu Bennett & Mathews (2006) which they called the tropical clade of Orobanchaceae, and clarified the phylogenetic positions of Asepalum, Cyclocheilon, Nesogenes, Graderia, Sopubia, Harveya, Melasma and Alectra. Still numerous taxa assigned to Orobanchaceae (Fischer 2004) have not yet been studied. During taxonomical and ecological research in East Africa and Madagascar material of several genera was collected and subsequently analyzed. Thus we present here additional data on Sopubia, Cycnium and Radamaea. Our findings on Micrargeria have already been published previously (Schäferhoff et al. 2010) . The genera Parastriga, Sieversandreas, Rhamphicarpa and Leucosalpa are included for the first time in a molecular phylogenetic study focusing on Orobanchaceae. As a result of morphological and molecular analysis, Bardotia, a new genus from Madagascar is identified and described below.
Materials and Methods
Taxon sampling and plant material Within Orobanchaceae, representatives of all previously recognized clades were included to test the phylogenetic position of members in clade VI sensu Bennett & Mathews (2006) . Taxon sampling included as many genera of clade VI (i.e. the tropical clade) as possible. Additionally, an increased number of species per genus was included if taxa were obtainable. Sequences were newly generated for the following taxa: , Rehmannia, and Paulownia (Paulowniaceae); outgroup sequences were downloaded from GenBank with the exception of Callicarpa bodinieri, which was generated for this study. Voucher information and GenBank accession numbers of taxa included in this study are listed in Table 1 . Total genomic DNA was isolated using the AVE Gene Plant Genomics DNA Mini Kit (AVE Gene, Korea) following the manufacturer's protocol. The chloroplast trnK intron including the coding matK gene was amplified in two overlapping fragments, using standard PCR protocols. Primers used for amplification and s e q u e n c i n g w e r e t r n K 3 9 1 4 F d i ( G G G G T T G C TA A C T C A A C G G ) a n d t r n K 2 R (AACTAGTCGGATGGAGTAG) (Johnson & Soltis 1995) ; ACmatK500F (TTCTTCTTTGCATTTATTACG) , LindmatK1714R (CTCCAAAGAAAGYCAGTTCCTCTT) and LindmatK1580F (TCAATTCATTCAACWTTTCCC) (Schäferhoff et al. 2010) ; trnKLe1R ATAGAAATAGATTCGTTC .
Reactions were performed in 50 μl volumes containing 2 μl template DNA (10 ng/μl), 10 μl dNTP mix (1.25 mM each), 2 μl of each forward and reverse primer (20pm/μl), and 0.25 μl Taq polymerase (5 U/μl, Peqlab). Thermal cycling was carried out on a Biometra T3 thermocycler using the following PCR profiles: 1:30 min at 96°C, 1 min at 50°C, 1:30 min at 72°C, 35 cycles of 30 sec at 96°C, 1 min at 50°C, 1:30 min at 72°C, and a final extension time of 10 min at 72°C. Fragments were gel-purified on a 1.2% agarose gel (Neeoagarose, Roth), extracted with the Gel/PCR DNA Fragments Extraction Kit (AVE Gene, Korea) and sequenced on an ABI3730XL automated sequencer using the Macrogen sequencing service (Macrogen Inc., Seoul, Korea). Pherogram editing and contig assembly was done manually using PhyDE (Müller et al. 2007 ).
Alignment, indel coding, and phylogenetic analyses DNA sequences were aligned manually in PhyDE (Müller et al. 2007) , taking microstructural changes into account as outlined elsewhere (Kelchner 2000; Borsch et al. 2003) . Regions of uncertain homology were excluded from phylogenetic analyses. For maximum parsimony (MP) analyses indels were coded according to simple indel coding (SIC) (Simmons and Ochoterena 2000) using the program SeqState (Müller 2005a) . Searches for the shortest tree were performed using the parsimony ratchet approach implemented in PRAP2 (Müller 2004 ) using the following settings: 10 random addition cycles with 200 ratchet replicates, setting the weight for 25% of the characters to 2. The files generated were executed in PAUP* v4.0b10 (Swofford 1998) . Tree evaluation was performed with 10,000 bootstrap replicates (BS), each using TBR branch swapping and holding only one tree (Müller 2005b) . The model of best fit for the dataset was found to be GTR+G+I using jModelTest v.0.1.1 (Posada 2008) . Bayesian inference (BI) of phylogeny was done using of MrBayes v3.1.2 (Ronquist & Huelsenbeck 2003) . Default priors were used, i.e. flat dirichlets (1.0, 1.0) for state frequencies and instantaneous substitution rates, a uniform prior (0.0, 50.0) for the shape parameter of the gamma distribution, a uniform prior (0.0, 1.0) for the proportion of invariable sites, a uniform topological prior, and an exponential prior Exp (63.38) for branch lengths. Brown et al. (2010) cautioned against the use of the default lambda=10 for branch length priors (Exp(10.00)) in MrBayes. Using the formula provided by these authors, we calculated an exponential rate parameter for the branch-length prior based on an average branch length estimate from an initial BioNJ analysis in PAUP. With help of TreeGraph2 (Stöver & Müller 2010) , branch lengths from this tree were exported to Excel, where the mean branch length (mbrl) was computed and the above more justifiable lambda was calculated as -(ln(0.5)/mbrl). Four categories were used to approximate the gamma distribution. Two runs with 5 million generations each were run, and four chains were run in parallel for each run, with the temperature set to 0.2. The chains were sampled every 100th generation, and a relative burn in fraction was conservatively set to 25%. Convergence was assessed via mean and maximum potential scale reduction factors and mean/maximum standard deviation of split frequencies, which all clearly indicated that runs converged.
For maximum likelihood (ML) analyses RAxML v7.0 (Stamatakis 2006 ) was used. The GTRGAMMA model was used during the search for the best tree, while the slightly simpler GTRCAT model was employed by RAxML during the 500 bootstrap replicates. Support values from all types of analysis were mapped on the tree topology from the Bayesian analysis and conflicting nodes were identified with help of TreeGraph2 (Stöver & Müller 2010) .
Results

Molecular sequence data
For most of the accessions, complete trnK/matK sequences were obtained. The total alignment was 3224 nt long, with sequence lengths ranging from 689-2734 nt. The total GC-content was 33.212%. From the alignment 447 characters were excluded from phylogenetic analyses due to uncertain homology; 2777 characters remained, 32.625% of which were informative.
The shortest trees from parsimony ratchet analysis were 3308 steps long (CI 0.597, RI 0.755, RC 0.451). The tree topology of the Bayesian inference of phylogeny is given in Figure 1 , together with posterior probabilities, maximum likelihood bootstrap, and maximum parsimony bootstrap values. A phylogram from the BI indicating relative branch lengths is shown in Figure 2 .
Relationships
Clade I to V We find maximum support for the monophyly of Orobanchaceae as redefined by Young et al. (1999) , and strong support for the autotrophic Lindenbergia as sister to the remaining Orobanchaceae. The remaining clades sensu Bennett and Mathews (2006) are recovered with strong support, with the exception of the position of Phteirospermum. While Bennett & Mathews (2006) found this genus in clade IV, we reconstruct it as weakly linked to Schwalbea of clade II. Our analyses provide evidence for sister group relationships between clades IV and V, and clades III and VI, respectively, which is in contrast to the findings of Bennett & Mathews (2006) .
FIGURE 1
Phylogeny of the Orobanchaceae inferred from parsimony, likelihood and Bayesian analyses from plastid trnK/matK sequences. The 50% majority rule tree from the Bayesian inference is depicted, nodes not supported by >= 50% in at least one of the three analyses are collapsed. Bold numbers above branches are posterior probabilities from Bayesian inference, italic numbers above branches are ML bootstrap values, and numbers below branches indicate MP bootstrap proportions, both provided when > 50%. Numbers in brackets indicate that the respective node was not supported by all three methodological approaches (this only applied to a single node). The bracketed number then indicates the strongest support for any node that contradicts the shown node. Roman numerals refer to clades defined in Bennett & Mathews (2006) ; letters refer to clade annotations in . 
Clade VI
The analysis maximally supports the monophyly of the tropical clade of Orobanchaceae already shown by . Cyclocheilon somaliense is branching first in the tropical clade in line with earlier results, representing subclade A of . The remaining taxa from the tropical clade form three well supported subclades that correspond to subclades B, C, and D of . Micrargeria is found in clade B, while the Malagasy endemics Leucosalpa poissonii and Sieversandreas, the African Rhamphicarpa, Parastriga, and the new genus Bardotia are found in clade C. Alectra and Melasma represent clade D of . Within clade C, we find one subclade (pp 1.00, 100% ML BS) comprising Harveya, Parastriga, and Hyobanche. The monotypic Parastriga alectroides nests within Harveya. The other subclade (pp 1.00, 92% ML BS, 68% MP BS) in clade C includes Radamaea, the new genus Bardotia, Sieversandreas and Rhamphicarpa.
Discussion
Phylogenetic relationships
The monophyly of Cycnium already shown by is confirmed. Cycnium herzfeldianum and Cycnium tubulosum ssp. montanum (Fig. 3a) are included here for the first time in a phylogenetic analysis. The two studied species of Sopubia, S. lemuriana from Madagascar (Fig. 3b ) and S. karaguensis from East Africa, form a well-supported clade with Micrargeria filiformis. Sopubia has a unique morphology of the androecium with each anther consisting of a fertile and a sterile theca. The fertile thecae are connate while the sterile thecae form a bright yellow appendage (Hofmann & Fischer 1998 . The genus Micrargeria has anthers with two equal or subequal fertile thecae and is thus readily distinguished from Sopubia. It comprises four to five species from tropical Africa to Madagascar and India. The two genera do not share any morphological synapomorphy; they do share a subrotate corolla, which is also present in several other genera of Orobanchaceae not closely related to Micrargeria and Sopubia (e.g. Agalinis Raf., Baumia Engl. & Gilg, Gerardiina Engl., Ghikaea Schweinf. & Volkens, Hedbergia Molau and Magdalenea Brade, Fischer 2004) .
The clade comprising Harveya, Parastriga and Hyobanche is well supported (pp 1.00, 100% ML and MP BS). Parastriga alectroides (Fig. 3d ) closely resembles Harveya alba (Fig. 3c ) in flower and especially in the horseshoe-shaped style and linear stigma, a feature otherwise not observed in Harveya. For this reason Burtt (1999) transferred Harveya alba to Alectra. However, showed that Alectra alba nests within the genus Harveya, thus transferred the name back to Harveya. As Parastriga alectroides is morphologically similar to Harveya alba and, according to our analysis, nests within Harveya as well, it is transferred here to that genus. However, Parastriga alectroides has green leaves and is a putative hemiparasite. This is the second case of hemiparasitism within a holoparasitic lineage, with the holoparasitic Harveya alba as its closest relative. discuss the similar case of Harveya obtusifolia Benth. Probably a multiple parallel loss of photosynthesis or a loss of green leaves can serve as an explanation.
Radamaea is confirmed as a monophyletic group. In addition to Radamaea montana (Fig. 3f ) already present in the analysis of Bennett & Mathews (2006) , we included two additional species (Fig. 3g-h) . The genus Radamaea is endemic to Madagascar and comprises 12 species, of which nine species will be described as new (Fischer, Theisen & Phillipson in prep.) . The well-supported clade (pp 1.00, 100% ML BS, 99% MP BS) to which Radamaea belongs also comprises the monotypic Malagasy endemic Sieversandreas madagascarianus (Fig. 4d; Fischer 1996) and Bardotia, a new genus from the North of Madagascar (Fig. 4ac) . The position of Rhamphicarpa as sister to the Radamaea/Sieversandreas lineage is less well supported (pp 1.00, 92%ML BS, 68% MP BS). The genus consists of six species from tropical and South Africa to Madagascar, India, and tropical Australia extending to Turkey and Russia (Hansen 1975) . It is for the first time that a species of Rhamphicarpa is included in a molecular phylogenetic study. The phylogenetic position of Rhamphicarpa is somewhat surprising because it has traditionally been considered to be a close relative of Cycnium, which shares monothecous anthers, among other characters (Hansen 1978) . The main differences between the two genera are the longer corolla tubes in Rhamphicarpa, which is consistent with hawk-moth pollination, and the mostly free upper corolla lobes, which are usually fused in Cycnium. The well-supported clade containing Alectra and Melasma (pp 1.00, 100% ML BS, 100% MP BS) confirms the results of Morawetz & Wolfe (2009) while the Malagasy endemic Leucosalpa remains in an unresolved position in subclade C sensu .
Clade C of our analysis (Figs. 1-2) is of particular importance given its novelty. It comprises Harveya (incl. Parastriga), Hyobanche, Radamaea, Bardotia, Sieversandreas, Rhamphicarpa and Leucosalpa. However, synapomorphic characters that support this clade are not easy to find. Harveya, Hyobanche and Rhamphicarpa are herbs, Sieversandreas is a subshrub and Radamaea, Bardotia and Leucosalpa are woody shrubs. Harveya and Hyobanche are holoparasitic (with 2-3 possible exceptions in Harveya) while the other genera are hemiparasitic. Radamaea and Bardotia bear anthers with 2 subequal thecae; Hyobanche, Sieversandreas and Leucosalpa have 2 unequal thecae with the second theca sterile and reduced. Harveya also has 2 unequal thecae with monothecous anthers in H. alba and H. alectroides. Rhamphicarpa has exclusively monothecous anthers. The fruits of Harveya, Bardotia, Sieversandreas and Rhamphicarpa are capsules, Hyobanche produces fleshy capsules, Radamaea usually berries (with capsules in R. tabularis) and Leucosalpa has drupes. The seeds vary from scobiform to rectangular or globose.
Taxonomy
The new genus Bardotia
Madagascar is among the hottest hotspots of biodiversity and its flora comprises more than 80% endemics. Within traditionally circumscribed Scrophulariaceae nine endemic genera are recognized: Barthlottia Eb.Fisch. and Ranopisoa J.F.Leroy belong to Scrophulariaceae s.str. (Kornhall & Bremer 2004) ; Hydrotriche Zucc. belongs to Gratiolaceae sensu Rahmanzadeh et al. (2005) ; and Pseudomelasma Eb.Fisch., Tetraspidium Bak., Sieversandreas Eb.Fisch., Rhaphispermum Benth., Leucosalpa Scott-Elliot (Fig. 3e) and Radamaea Benth. belong to Orobanchaceae (Fischer 2004) . During the preparation of the account of "Scrophulariaceae s.l." for the Flore de Madagascar et des Comores (see Fischer 2003) , material of a small shrub was collected by Martine Bardot-Vaucoulon in the Tsingy of Ankarana, which clearly represented a new species that could not be assigned to any known genus. The acuminate thecae indicated that it would be related to Radamaea and Sieversandreas (Fig. 4d) but it differed in a number of characters from Radamaea: the leaves are deeply pinnatisect while they are simple in Radamaea, the corolla is inflated above a short tube and distinctly bilobed while in Radamaea it is not or only slightly inflated at the end of a long and narrow tube and the lobes are subequal. The stamens in the new taxon (Bardotia, described below) are unequal with the adaxial filaments shorter and the thecae distinctly apiculate and hairy outside while the filaments are equal to subequal in Radamaea, usually much shorter, the thecae not or only slightly apiculate and glabrous outside. The fruits in Radamaea are berries or only rarely dehiscent while the plant from Ankarana has capsules. Both Radamaea and the new genus have thyrsic inflorescences with condensed dichasial cymes in the leaf axils while Sieversandreas has a racemose inflorescence with shortly pedicellate single flowers in leaf axils. The calyx of Sieversandreas is campanulate and distinctly accrescent in fruit while in Bardotia the calyx never grows after anthesis. The corolla of Sieversandreas is distinctly zygomorphic with a coloured palate at the throat. Bardotia has nearly actinomorphic flowers with subequal lobes lacking a palate. In Sieversandreas the anthers bear two unequal and glabrous thecae, the second theca being reduced. The filaments are short and the abaxial filaments bear long hairs. In Bardotia the anthers are hairy outside and bear two equal thecae. The filaments are long and bear only glandular hairs. All these features indicate that the plant from Ankarana represents a new monotypic genus, also confirmed by the molecular data, which is described below. Shrub to 30-50 cm tall, stem woody. Plant entirely covered with short and simple whitish hairs and short glandular hairs. Leaves opposite, pinnatifid, with 3-7 lobes, acuminate at apex, up to 2-2.5 cm long, the lobes 5-6 x 2 mm. Inflorescence thyrsic, lower bracts pinnatifid, reduced to apical lobe and thus becoming simple above, 1-2 flowers in leaf axils. Pedicel 1 mm long. Calyx 4 mm long, lobes acute, 2 mm long. Corolla white, to 9-10 mm long, with glabrous and narrow (4 × 0.5 mm) tube, slightly 2-lipped, its lobes rounded to acute, 2-2.5 × 2-2.5 mm, two lobes above forming a weak upper lip and three lobes below forming a weak lower lip almost subequal in size. Stamens 4, with clavate hairs on filaments, abaxial stamens with 4 mm long filaments, adaxial stamens similar, filaments shorter, 3-3.5 mm long, anthers hairy, with acuminate to apiculate thecae, 1.5-1.8 × 0.8 mm. Ovary bilocular, with 1 ovule per locule, style up to 10 mm long, stigma capitate, only slightly thicker than style. Habitat:─Understory of dry forest in calcareous Tsingy. Etymology:─Named after Martine Bardot-Vaucoulon who first collected the plant. Distribution:─Only known from the calcareous Tsingy of Ankarana in northern Madagascar. Tsingy are Mesozoic limestones that have been submitted to long periods of karst processes giving rise to jigsaw or knife-edged pinnacles overlying extensive cave systems. The Tsingy of Ankarana are famous for their endemism. For a description of the vegetation of the Tsingy d'Ankarana see Bardot-Vaucoulon (1997) .
Transfer of Parastriga alectroides to Harveya
The monotypic Parastriga alectroides (Fig. 3d ) was described from eastern Democratic Republic of the Congo based on a specimen from the Virunga Volcanoes. The plant is an annual hemiparasitic herb, glabrous, but pilose in inflorescence, with erect quadrangular stems 8-25 (48) cm tall, the leaves are opposite, sessile, broadly ovate, 0.7-1.4 cm × 0.6-1.5 cm, and acuminate with entire margins. The flowers are subsessile with a white to pink 5 lobed corolla, the upper lip is 2-lobed, 0.4 cm long, the lower lip is 3 lobed, 0.4 cm long, the tube is 0.6-0.8 cm long. The fruit is a capsule, 5-7 mm × 4-6 mm. The shape and structure of the corolla and the shape of the seeds are common characters with Harveya. As stated above, Parastriga alectroides closely resembles Harveya alba in flower, especially regarding the horseshoe-shaped style with linear stigma and the monothecous anthers, which are bithecal with the second theca sterile and reduced as in all other species of Harveya. The style and stigma resemble that of Alectra, which resulted in the transfer of H. alba to this genus (Burtt 1999) . The sister relationship of these two species in our phylogeny is further supported by this character and monothecous anthers. The main difference from Harveya alba lies in the green bracts and upper leaves of Parastriga alectroides, which indicate hemiparasitism. Also the ecology of both species is different: Harveya alba is restricted to montane rainforest where it has not been observed above 2000 m. Parastriga alectroides is an afromontane to afroalpine species of open habitats, especially swamps, Hagenia-Hypericumforest or Erica-forest between 2000 and 3500 m. In the molecular phylogenetic analysis this taxon nests within Harveya. Thus we transfer Parastriga alectroides to Harveya.
Harveya alectroides (Mildbr.) Eb.Fisch., Schäferh. & Kai Müll. comb. nov. Basionym:─Parastriga alectroides Mildbr., J. Arnold Arbor. 11: 52, 1930. TYPE:─DEMOCRATIC REPUBLIC OF THE CONGO, Mt. Mikeno: Linder 2428 (isotype GH!). The species occurs in swamps in montane forest from 2000 to 3500 m. It is found in eastern Democratic Republic of the Congo, Rwanda, Burundi, Ethiopia, Uganda, and Tanzania.
